Leishmania spp. cause a wide spectrum of tropical diseases which are threatening an estimated 350 million people around the globe. While in most cases non-fatal, the disease is associated with high morbidity, social stigmata and poverty. However, the most severe form visceral leishmaniasis can be fatal if left untreated. Chemotherapeutics are available but show high toxicity, costs and are prone to resistance development due to prolonged treatment periods. Healing is associated with a life-long resistance to re-infection and this argues for the feasibility of vaccination. However, despite much effort, no such vaccine has become available yet. Here, the status of vaccine development in this field is briefly summarized before the focus is set on the promise of reverse vaccinology for anti-Leishmania vaccine development in the post-genomic era. We report on our own experience with this approach using an instructive example of successful candidate vaccine antigen identification.
18%.3 Only few drugs are available for the foreseeable future to care for these patients. 4 In fear of the emergence of drug resistant parasites, combinatorial therapies are advocated but these remain costly and expense for the most cost effective combination to avert an otherwise fatal infection is estimated at ~US$80 equivalents. 5 For comparison this corresponds to roughly 2.5 months of average income in the area most affected by VL in India.6 Thus, the economic burden of treatment and knock on cost of VL represents >10% of an average household's expenditure forcing many into spiraling poverty.6
Feasibility of Vaccination
To develop a vaccine against leishmaniasis to complement disease management options has been a priority for some years. Given that many Leishmania species are involved and epidemiological scenarios vary greatly, it remains unclear whether one or many vaccines will be needed. Fact is, however, that no vaccine is currently available for protecting humans from VL, ML or CL. The mortality associated with VL caused by L. donovani argues for giving priority to develop a vaccine against VL.
The feasibility of a vaccine is extrapolated from the fact that self healing CL appears to confer life-long protection against the same disease. This has been exploited in the century old practice of leishmanization, i.e., the deliberate infection with parasites at body sites where ensuing scars will not be stigmatizing.7,8 The strategy was successfully used for mass prevention of CL in particular by nations in the middle east but adverse effects and local lesions persisting for months in 2-3% of cases9 clearly demand improvements and alternatives.
Thus, first generation vaccines based on crude preparations such as autoclaved in vitro grown parasites were developed to offer a safer alternative. Although protective in pre-clinical models they showed no efficacy after two decades of diverse clinical trials. 10 The experience with these vaccines highlights a critical issue in the comparatively resource poor programs of vaccine development against this disease: Low predictive power of available pre-clinical models and very slow and costly progress of prophylactic clinical vaccine testing programs. In recognition of these hurdles, improvements and alternative testing strategies have recently been proposed. For example, the predictive power of the pre-clinical mouse model to assess prophylactic vaccines may be improved when using an insect-vector challenge. 11 Leishmanization is advocated as a means to assess vaccine efficacy in clinical trials as a surrogate of natural infection.12 This will likely accelerate clinical development of prophylactic vaccines.
Similarly, protocols testing vaccination as an extended therapy have entered human trials.13 Again, this strategy will accelerate clinical developments since estimates of vaccine effects can be obtained faster and with fewer volunteers. The value of these approaches to develop 'resource conscious' strategies cannot be overestimated.
Status of Anti-Leishmanial Vaccine Development
The rational and status of vaccine development against leishmaniasis has been reviewed recently in references 14 and 15. Based on data from mouse models, a vaccine should induce cell mediated immunity, i.e., parasite antigen-specific, CD4+ and CD8+ T cells. Furthermore, it should induce immunological memory with appropriate tissue homing characteristics and effector function that activate leishmanicidal mechanisms in the major host cell types. During their life cycle all Leishmania oscillate between the insect transmitted extracellular promastigote and the intracellular amastigote form that thrives in host phagocytic cell types such as macrophages and dendritic cells (Fig. 1) . Thus, a common perception is that a type 1 immune response characterized by so called poly-functional Tcells that produce IFNγ and additional pro-inflammatory cytokines16 is sufficient but this is indeed far from being clear.
For example, in human VL, the determination of cytokine patterns from patients undergoing drug therapy only identified negative correlations, i.e., high levels of IL-10 being correlated with uncontrolled disease.17,18 Thus, the big questions in vaccine design are not yet solved: Which antigen(s) should one select and how should these be delivered? Moreover, with no convincing marker of protective immunity yet known, developing appropriate vaccine delivery strategies will have solely to rely on efficacy data from clinical trials.
From Genomes to Vaccines
With genome sequences and high coverage proteome data now available,19-22 the vaccine antigen discovery process was propelled into the era of reverse vaccinology. 23, 24 Highly parallel antigen discovery approaches such as the screening of gene-expression libraries have already been pursued before the genome was known. They led to identification of B and T-cell antigens recognized during Leishmania infections in mice (reviewed in refs. 25 and 26) and in patients.27-30 A fusion of three such antigens, LEISH-F1 (also known as Leish-111f), identified in this way is the only subunit vaccine that has since entered clinical trials.13,31,32 Genomic information and bioinformatic analysis tools allowed extending these approaches.
For example, proteins featuring tandem repeats were originally identified by screening expression libraries with patient sera28 and this approach has now been 'reversed' by screening protozoan genomes for genes encoding proteins with tandem repeats and verifying their antigenicity.33 However, there are very few studies published that used indeed such a reversed approach starting from genome, proteome or transcriptome data to derive and test candidate vaccine antigens. A prerequisite of reverse vaccinology is that a set of criteria can be identified to design an algorithm for vaccine candidate selection or enrichment. Several studies34-37 provide support for selection based on protein expression in the amastigote form, relative protein abundance and subcellular localization. These criteria are usually combined with sequence conservation across the parasite species and lack of homology to vaccine target organism. For selection purposes, the last three criteria can be addressed using bioinformatics tools to analyze information from genome and sequence data repositories such as Genbank. We have chosen a proteomic approach21,22 to provide a resource for the first two criteria. We reasoned that the sensitivity of the adopted proteomic approach is close to the sensitivity of the immune system to respond to a particular protein in complex mixtures such as whole parasites.
Thus, together with similar publicly available data sets20 the proteome data now provides a useful vaccine antigen selection platform representing ~20% of the predicted proteome from promastigotes and amastigotes. A relatively high agreement between the proteomic datasets that were generated from L. donovani20 and L. mexicana21,22 further suggests that for many if not most of these proteins their relative abundance will be the same across parasite species. Furthermore, our bioinformatic analyses verified that protein abundance is correlated to bias in codon usage. This bias has been predicted to affect translation efficiency.38 Thus, in the absence of proteomic evidence for a particular protein or classes of proteins (e.g., most membrane proteins) biased codon usage in the respective gene combined with mRNA abundance data from transcriptome analyses39,40 may serve as a surrogate measure for relative protein abundance.
We have since initiated a reverse vaccinology program and, using the above criteria, so far identified two novel vaccine candidates from L. donovani that showed promise in mouse models of VL and CL (Schroeder et al., in preparation). In this program, proteins positively evaluated in the mouse models will be further analyzed for the presence of putative T-cell epitopes that may be presented to CD8+ T cells in the context of human HLA alleles representative for a population living in a highly endemic area such as India.
The involvement of CD8+ T cells in resistance against visceral leishmaniasis has been demonstrated in several studies.41-44 TriTrypDB (Kinetoplastid Genomics Resource, tritrypdb. org/tritrypdb/) as part of GeneDB also offers identification of T cell in particular CD8+ T-cell epitopes in proteins. Epitopes in GeneDB are listed by the "Immune Epitope Database and Analysis Resource" (IEDB, www.immuneepitope.org/). This database searches for sequence similarities between the protein in question and experimentally identified and verified epitopes from various kinetoplastid antigens. Experimentally confirmed epitopes are listed with their respective sequence, source, method of identification, e.g., B-cell assay, MHC-binding assays etc., and reference.
Although the database thereby provides a summary of all experimentally identified epitopes, omitting time-consuming literature searches, it is only reporting verified epitopes. This may be good for reasons of reliability but is not helpful when new antigens are analyzed. Moreover, when using the epitope identification tool on TriTrypDB, only two epitopes were predicted in our example, one of which was misplaced in non-coding gene regions, while the other comprised only two amino acids. The overall prediction confidence was classified as low (see below and Fig. 2) . However, more than 30 programs predicting MHC binding peptides, i.e., potential epitopes, based on different algorithms are available on the internet. A comparative study45 assessed performance and reliability of MHC prediction programs using a set of model antigens. The study revealed that matrix based programs (e.g., BIMAS and SYFPEITHI) were outperformed by non-linear predictors like NetMHC which is based on artificial neural networks (ANN). Therefore we decided to analyze our antigen and KMP-11 for reference using NetMHC (reviewed in refs. 46 and 47; www.cbs.dtu.dk/services/NetMHC/). Predictions of binding peptides take MHC polymorphisms into account and for a vaccine aimed to induce protective CD8+ T-cells in a target population, e.g. in India, relevant HLA types have to be considered. The population of India is highly diverse with several thousand endogamous groups, 325 functioning languages and 25 scripts.48 However, visceral leishmaniasis is endemic in only three states in the North of India, Bihar, where 90% of all cases of VL are reported, eastern Uttar Pradesh and West Bengal.
There the composition of ethnic populations seems to be better defined. Within the framework of the Indian Genome Variation Consortium it was established that the majority population of these states is Caucasian (Uttar Pradesh, Bihar and admixture in West Bengal) and Australoid (West Bengal) with mongoloid influence. This was further confirmed by a study involving Asian Indians of the Delhi area.
It was suggested that the Indian population is, although essentially Caucasoid, in reality a mixture of Caucasian and oriental haplotypes/alleles.49 Accordingly the most common HLA class I alleles in the relevant population will be A*02, A*24, A*11, A*33 in the HLA-A locus and B*07, B*35, B*40, B*57 and B*58 in the B locus. Thus, for the purpose of predicting vaccine antigen-derived HLA binding epitopes it was decided to restrict the analysis to these most common haplotypes. Of note, the most ubiquitous Caucasian allele A*0201 is absent in the Indian population and hence was replaced with the more frequent A*0211. The result of the epitope prediction with NetMHC is shown in Figure 2 . Analysis of KMP-11 (bottom half) generates a cluster of predicted binding peptides in the N-terminal region of the protein, with one classified as strong binder (black, threshold affinity ≤50 nM) starting at position 2 and a number of weakly binding peptides (grey, threshold affinity ≤500 nM) in the region 2-21. The C-terminus in comparison is a lot less represented with one strong binder starting at position 78 and a couple of weak binders. This is coherent with experimental data, since all three experimentally identified clusters (aa 1-33, aa 50-60, aa 70-86) have been retrieved with NetMHC,50 which indicated clustered binding regions N-terminal (1-30) and C-terminal (71-90). Interestingly, the majority of peptides found, is predicted to bind to the selected HLA-A haplotypes, while the algorithm detected only one weak binder for the chosen HLA-B haplotypes. Based on the agreement with experimental data for KMP-11, it was assumed that a similar analysis using our novel antigen would be valid. Epitope prediction for the same haplotypes showed a higher frequency of peptides with strong and weak binding ability both for HLA-A and HLA-B than for KMP-11. In addition several of these peptides did show no homologies to any peptide present in the predicted human proteome thus would even qualify them for focused epitope-based recombinant vaccines to activate CD8+ cells. Obviously, experimental verification of these is a future priority.
Vaccine Formulations
Vaccine formulations will be decisive for the success of an immunization scheme. The recombinant fusion protein vaccine LEISH-F has been formulated with MPL-A as an adjuvant for human trials.13 This type of vaccine is relatively expensive due to the still high cost to produce the recombinant protein and may be suboptimal to induce also CD8+ besides CD4+ T cells. In preclinical models several alternative strategies have been pursued.
Vaccines based on recombinant DNA were often favored because they are rather easy to construct, can be produce quickly, are versatile and can be multiplexed.51-55 In addition vectored formulations that exploit recombinant vaccine carriers such as vaccinia16,56,57 or adenovirus16,58 derivatives as well as recombinant bacteria, e.g., Salmonella59-62 have also been tested. Virus-based vaccines may be particularly suited to induce CD8+ T cells.
Experience in other fields63 and the results of several studies that explored experimental antiLeishmania vaccines57,59,64,65 suggest that prime boost combinations with heterologous vaccine formulations offer synergies that may become very important. We choose to refine the approach of using recombinant, live salmonella (see Fig. 3 for a process chart). The reasons for this were that salmonella are produced at industrial scale for both human and veterinary vaccine applications. The technology is relatively old and often no longer protected by patents, thus offering a high degree of freedom to operate. Salmonella are able to induce CD8+ as well as CD4+ T cells and induce T cells to home to visceral organs.
Depending on serovar, these carriers offer a rather broad host range that can be exploited to tackle zoonotic, as well as anthroponotic cycles. Most importantly, they can be produced extremely cheaply, stocked in lyophilized form and applied as an oral vaccine.
In summary, if only one vaccine is needed to combat the different forms of leishmaniasis caused by the many parasites then it seems that we will have to make a choice and should mainly think about how to devise a resource conscious clinical selection strategy.
However, if many vaccines are needed because the syndromes require tailored solutions, then we will need to think even harder about such a strategy.
